"Classical" superplasticity of SiAlON ceramics with the fiber-strengthening effect; this, in turn, seems to have significantly extended the ductility of such materials. 6, 7 In this sense, nominal composition (Y x Li y ) 0.6/(3x؉y) Si 8.9 Al 3.1 O 2.5 N 13.5 is reported in this study. During deformation, these materials the superplastic deformation of those Si 3 N 4 ceramics which lack an equiaxed micrograin structure can be termed exhibit little microstructural evolution, with negligible growth of elongated ␤-phase grains and minimal texture "nonclassical." Polycrystalline ␤Ј-SiAlON normally forms from ␣-Si 3 N 4 formation. Excellent formabilities are obtained in the temperature range of 1500؇-1600؇C in compression, where a through a solution-reprecipitation process. The temperature dependence of such a transformation displays a sigmoidal strain rate of 10 ؊2 s ؊1 has been achieved, and in punch stretching, where a strain rate of 1.2 ؋ 10 ؊3 s ؊1 has been curve, which is typical for these materials 9 (Fig. 1) . During the initial stages of this transformation, a large driving force is used successfully. Flow stresses are found to be dramatically affected by the viscosity of the grain-boundary phase and probably present. In theory, this should favor isotropic growth by promoting rough interfaces, thereby avoiding the formation decrease as the amount of lithium addition increases. Fracture stress also is compositionally dependent and decreases of elongated grains, which are commonly found in later stages of transformation when only a lower driving force remains.
as the lithium content increases. As the overall formability is determined by the competition between fracture and
Therefore, an important conclusion may be drawn, namely that ␤Ј-phase anisotropic grain growth can be prevented if densifideformation, maximum formability coincides with a maximum ratio of fracture stress to forming stress at an intermecation and superplastic deformation proceed in either the initial or intermediate stages of the phase transformation process. That diate lithium composition. Finally, all materials exhibit higher room-temperature bend strength after postforming is, the left-hand side of the transformation curve in Fig. 1 provides a window of opportunity for "classical" superplasticity.
annealing. Thus, transient superplastic deformation does not impair the ultimate mechanical properties of the
In this work, we have successfully exploited this processing materials.
window for classical superplasticity in Si 3 N 4 materials. Full densification is achieved with only a small fraction of ␣-phase converted to ␤Ј-SiAlON phase, and the microstructure is char-I. Introduction acterized by fine, equiaxed grains during the entire history I N CERAMICS, superplastic forming has been a subject of conof superplastic forming. Moreover, we are able to maintain a siderable interest as a novel method of net-shape fabrication comparable grain size and ␣-to-␤Ј conversion ratio in a series of parts. Promising results were first achieved for ␤-spodumene of Si 3 N 4 materials while varying the viscosity of the grain-(␤-LiAlSi 2 O 6 ) glass ceramics 1 and later for Y 2 O 3 -stabilized boundary phase by adjusting the proportion of two sintering additetragonal ZrO 2 , 2 Al 2 O 3 , 3 and some other oxide composites. 4 tives-Li 2 O and Y 2 O 3 . Without complications that result from Efforts also were made to establish superplasticity in Si 3 N 4 and different extents of ␣ → ␤Ј-SiAlON phase transformation and related SiAlON ceramics, which exhibit outstanding mechanithe in-situ formation of a large number of elongated ␤Ј-SiAlON cal properties. Superplasticity in these ceramics was first found grains, diffusion-controlled solution-reprecipitation creep should in Si 3 N 4 /SiC composites, for which uniform superplastic elonoperate in superplastic deformation, and it should be charactergation (Ͼ150%) was achieved in tension. 5 Later, a wide range ized by a strong dependence of the operating flow stress on the of SiAlON materials with compositions lying on the ␣Ј-plane grain size and viscosity of the grain-boundary liquid phase. 1 (a plane in the "Janecke prism," where all compositions can be Furthermore, ductility and formability should be controlled by described by the general formula Me x Si 12Ϫ(mϩn) Al mϩn O n N 16Ϫn , with Me being a metal cation) were rendered superplastic in uniaxial 6 and biaxial 4, 7 stretching experiments. In all the abovementioned work, however, complex phase and microstructural evolutions of the Si 3 N 4 -based ceramics were evident. These typically involved ␣-→ ␤-Si 3 N 4 and ␣Ј → ␤Ј-SiAlON phase transformation, compositional changes in the grain-boundary liquid phase, and grain growth of anisotropic ␤-or ␤Ј-phase grains. In some cases, pronounced strain hardening due to these evolutions has been observed. 6 Moreover, although the presence of fiberlike grains was generally detrimental for ceramic superplasticity, 8 in Si 3 N 4 materials, their formation is largely in situ and they tend to align with the tensile stress field, producing a the ratio of flow stress to fracture stress, as suggested by Chen was shut down to allow rapid cooling at a typical cooling rate of 100ЊC/min to 1000ЊC. In the above-mentioned procedure, and Xue. 4 load was applied when the temperature first attained 1000ЊC and was maintained at a constant value of 40 MPa during II. Experimental Procedure the densification stage. During cooling, the load was released at 1000ЊC.
(1) Material
Temperatures and holding times were systematically varied (A) Composition: SiAlON materials with two interstitial to obtain materials with the lowest amount of ␣ → ␤Ј phase cations (yttrium and lithium) were chosen for investigation.
transformation. The parameters that were used to obtain the With two interstitial cations, the composition of ␣Ј-SiAlON in materials that are studied here are shown in Table II . These the general formula (Y x Li y ) m/(yϩ3x) Si 12Ϫ(mϩn) Al mϩn O n N 16Ϫn may materials include a series of compositions in which the lithium be represented by a tetrahedron (Fig. 2 ) in which the two front content in Y x Li y varied in the range of 0-100 at.%, with essenfaces are the ␣Ј-phase planes for yttrium-SiAlON and lithiumtially the same ␣-/␤Ј-phase conversion ratio of ϳ25%. The SiAlON. The compositions that we studied in this work all lie parameters shown in Table II generally reflect a trend of easier along the A-A line (Fig. 2) and have the following values: m ϭ densification and ␣ → ␤Ј phase transformation with increasing 0.6, n ϭ 2.5. These materials have been designated as Y x Li y in lithium content; that is, a lower temperature and a shorter holdthis study.
ing time are needed to obtain the same final density and phase (B) Powder Processing: Initial powders (␣-Si 3 N 4 (UBE assemblage. 10, UBE Industries, Yamaguchi, Japan), Al 2 O 3 (AKP50, Sumi-(2) Deformation tomo Chemical America), AlN (Type F, Tokuyama Soda Co., Tokyo, Japan), Y 2 O 3 (Aldrich Chemical Co., Milwaukee, WI),
The superplastic formability of the investigated materials was assessed by uniaxial compression and biaxial punch-stretching and Li 2 O (Aldrich Chemical Co.)) were mixed in appropriate proportions to achieve the desired composition, after considertests. Specimens were machined from dense hot-pressed material. The final specimen dimensions were 3 mm ϫ 3 mm ϫ ing the residual oxygen content of Si 3 N 4 and AlN (Table I) . The powder mixture, in batches of 40 g, was attrition milled in 6 mm for compression tests and 34 mm (diameter) ϫ 1.2 mm (thickness) for punch-stretching tests. These experiments were isopropyl alcohol for 2 h using high-purity Si 3 N 4 milling media in a Teflon-coated (E. I. DuPont de Nemours Co., Wilmingperformed under a nitrogen atmosphere in a resistance furnace with a tungsten heating element. Prior to testing, a heating rate ton, DE) jar. The slurry was subsequently dried under a lamp while being stirred. of 30ЊC/min was used for heating to testing temperature. Uniaxial compression tests were performed by pressing spec-(C) Hot Pressing: Charges of 10 g each were initially cold pressed into green-body compacts before hot pressing. Hot imens between two SiC platens in a servohydraulic mechanical tester (MTS Systems Corp., Minneapolis, MN). Thin graphite pressing was performed in a nitrogen atmosphere in a graphite resistance furnace. The initial heating rate was 25ЊC/min up to foils were placed between the SiC platens and the specimens to reduce friction. A constant strain rate was maintained by 1000ЊC, followed by a slower rate of 15ЊC/min to the desired temperature. After the completion of densification, the furnace advancing the crosshead at a decreasing speed to compensate for the decrease in the gauge length of the specimen. For biaxial of lithium in the composition increases, the phase evolution punch stretching, the test piece was clamped between two circuprocess accelerates (Table II) . lar concentric graphite dies with an inner radius of 8 mm. The
Observations of fracture surfaces revealed that all the materidisk was stretched by advancing a hemispherical punch (radius als that have been studied here have similar grain sizes and of 6 mm) at a constant speed. A detailed description of the morphologies after hot pressing. The typical microstructure biaxial punch-stretching process can be found in Wu and mostly consisted of equiaxed grains with an average size of Chen. In the absence of a large proportion of elongated ␤Ј-phase X-ray diffractometry (XRD) (using CuK␣ radiation), scangrains, texturing of the grains is not expected. A comparison of ning electron microscopy (SEM), and light microscopy were the XRD patterns of materials in as-deformed and pulverized used for phase identification and microstructural characterizaforms taken from the pole section of the punch-stretched dome tion. To estimate the amounts of various phases, the procedure (at a punch speed of 0.8 mm/min at 1585ЊC to a height of for quantitative XRD analysis, as described by Gazzara and 10 mm) confirmed this point. As shown in Fig. 5 , no significant Messier, 12 was followed. To avoid the effect of texture on XRD texturing is evident in these XRD patterns. patterns, this analysis was conducted using pulverized powders. Specimens for SEM examination were broken at room tempera-(2) Deformation ture to reveal their microstructure.
Compression tests were performed at temperatures in the (B) Microhardness and Bend Strength: The microhardrange of 1400Њ-1625ЊC and at strain rates (ε) in the range of ness of various as-hot-pressed materials was measured with a 10 Ϫ4 -10 Ϫ2 s
Ϫ1
; a single specimen was used for each ε value. Vickers diamond indenter under an applied load of 98 N. The A typical set of true stress-true strain curves for the Y 0.75 Li 0.25 strength was measured at room temperature in three-point material is shown in Fig. 6 . Strain hardening was minimal at bending using a SiC fixture. Before testing, the surface was low and intermediate ε values, except in the initial transient polished using a diamond paste to remove residual stresses.
after loading. Thus, a relatively flat stress-strain curve was obtained. At very high ε values (up to 10 Ϫ2 s Ϫ1 for the Y 0.66 Li 0.33 III. Results material at 1625ЊC), deformation exhibited a "semiductile" behavior with a stress maximum in the stress-strain curve.
To compare flow stresses, we took their values after 300 s of (1) Phase and Microstructure Development deformation, to avoid the initial strain-hardening regions. At At thermodynamic equilibrium, materials with the investihigh ε values, when a true strain of 0.5 was achieved in Ͻ300 s, gated compositions contain mostly ␤Ј-SiAlON, in addition to the flow stress was taken at a true strain of 0.5. Figure 7 shows some ␣Ј-SiAlON, 12H (Al 6 O 3 N 4 ), and liquid phase. In this the effect of material composition on flow stress. Flow stress at work, however, we have found that such a phase assemblage is first decreases as the amount of lithium increases; later, in the attained only after postforming annealing at 1700ЊC for 3 h. (Of lithium-rich compositions, the flow stress increases again. This course, the equilibrium phase assemblage at lower temperatures increase is probably an artifact, because extensive strain hardmay be somewhat different; however, the difference is expected ening has occurred in the lithium-rich compositions, causing to be relatively small, except for liquid and oxide phases.) Thus, the flow stresses to increase continuously. A high rate of lithium a nonequilibrium phase assemblage exists in as-hot-pressed and and liquid loss from the surface of the specimen, which as-deformed materials; this is illustrated in Fig. 3 , which plots increases the liquid viscosity of the surface region, is believed the percentage of equilibrium phase assemblage at three stages:
to cause the observed strain hardening. Visual observation of after hot pressing, after forming, and after annealing. The relalithium-rich compression specimens revealed the presence of tively small (ϳ25 wt%) ␣-/␤Ј-SiAlON phase conversion ratio multiple surface cracks, indicating that the surface flow stress in the dense, hot-pressed materials, compared to that in previhad increased above the fracture stress as a result of lithium and ous studies, 10, 13 is attributed to the lower hot-pressing temperaliquid loss. ture that has been used here and the kinetic limitations of ␣ → As in our earlier work, 7, 15 compressive deformation of ␤Ј-SiAlON phase transformation, which requires the dissoluSiAlONs exhibited a transitional behavior. In the regime of tion of ␣-phase into grain-boundary phase, diffusion through low ε values, Newtonian flow with a stress exponent n (n ϭ this phase, and ultimate precipitation as the ␤Ј-SiAlON phase. 14 Ѩ(ln ε)/Ѩ(ln ) ϭ 1) occurred, whereas at high ε values, shearLater, during formation, the further advance in phase developthickening flow, 15 with n ϭ 0.5, was observed (Fig. 8) ; this ment is limited to ϳ50%, and thermodynamic equilibrium is gives a concave-upward curvature of the -ε data shown in attained only after annealing. The phase development is significantly influenced by material composition. As the amount Fig. 8 . The transition stress is composition dependent and increases as the lithium content increases. Below the transition final flow stress just prior to specimen fracture corresponds to the rupture stress, r , of the material, which is given by 11, 17 stress, which is relatively temperature insensitive, the temperature increase from 1550ЊC to 1575ЊC leads to a significant decrease in flow stresses, even though these temperatures are r ϭ P 2Rh f sin 2 ␣ (1) only 25ЊC apart. For example, compare the flow stress data at 10 Ϫ3 s Ϫ1 in Fig. 8 . Such a strong dependence of flow behavior Here, P is the recorded load just prior to the load decrease, R may be attributed to the high activation energy of the viscosthe punch radius, h f the shell thickness at the rupture (measured ity of the grain-boundary phase in nitrogen-containing Si 3 N 4 at the rupture location), and ␣ the half angle subtended by the ceramics. Typical values of the activation energy in these matepunch contact from the center of the punch at the moment of rials are in the range of 550 kJ/mol 7 to 890 kJ/mol. 16 rupture (which was measured by examining the contact marking on each failed specimen after the test). Strictly speaking, (3) Punch Stretching this stress value corresponds to the radial stress at the edge of (A) Forming Load: Punch stretching was performed at the punch contact region rather than at the rupture location. temperatures in the range of 1500Њ-1600ЊC at punch-displaceHowever, a detailed analysis performed by Xu 17 showed that ment rates that vary over the range of 0.2-1 mm/min. A set of the stress state in the entire punch contact region is almost one load-displacement curves for the Y 1.0 Li 0 material that has been of balanced biaxial tension. Numerically, similar stresses exist deformed at different temperatures and forming rates is preeverywhere except at the pole and several millimeters away sented in Fig. 9 (a sketch of a punch-stretching experiment is from it, where the stresses are, respectively, slightly lower and shown in the inset). For comparison, these curves are presented higher, because of punch friction. If we disregard these systemin a normalized form by normalizing the nominal pressure atic differences, then the stress value calculated from Eq. (1) (P/(Rh Њ ), where P is the punch load, R the punch radius, and h Њ can be taken as a good approximation of the average radial the initial specimen thickness) by the reference flow stress, the stress in the stretched material, and it may be conveniently used latter taken from compression tests that have been performed at to compare the rupture stresses of different materials or of the the same temperature at an ε value that is similar to the average same material at different temperatures. punch-stretching strain rate. The punch displacement also has Table III shows the calculated rupture stresses of the Y 1.0 Li 0 been normalized by the sum R ϩ h Њ . According to the analysis material that has been punch stretched at different forming rates of Wu and Chen, 11,17 the observed increase in the normalized and temperatures. As is evident from this table, the rupture load is primarily caused by the increasing contact area between stress is mostly independent of temperature and strain rate. (The the punch and the workpiece and, secondarily, and very same data are shown again in Fig. 10(a) for later comparison.) importantly, by increasing true strain rate of punch stretching, Calculated rupture stresses for other materials show the similar even though the punch speed remains constant. Because all feature of temperature and strain-rate independence. However, these normalized curves fall onto one unique curve, which is the rupture stress is strongly material dependent and varies quite similar to the one predicted by Xu and Chen 11 and Xu, 17 it systematically with the yttrium/lithium composition. When the is reasonable to assume that forming operations all occur under composition is changed from Y 1.0 Li 0 to Y 0 Li 1.0 , r decreases essentially comparable mechanical conditions, with flow stress from a value of 25 MPa to a value of 16 MPa ( Fig. 10(b) ). as the main normalizing parameter. Furthermore, one may (C) Formability: Formability was evaluated by the disassert that, essentially, the same flow stress that was encountance of punch travel before rupture occurred. To compare the tered in the uniaxial compression tests is encountered in these formability of different materials, a fixed deformation schedule biaxial stretching experiments. of 0.8 mm/min at 1550ЊC was used. Formability initially (B) Rupture Stress: In the actual experiments, each test increased as the lithium content increased, up to a composition was terminated when a sudden load decrease occurred. Invariof Y 0.66 Li 0.33 , after which it decreased significantly, with the ably, subsequent examination found that at least a crack had Y 0 Li 1.0 composition being essentially unformable ( Fig. 11(a) ). formed at this stage. We have estimated the rupture stress by
The temperature dependence of the formability is observed in returning to the theoretical analysis, 11, 17 which predicts that the Fig. 12(a) for the Y 1.0 Li 0 composition and a forming speed of flow stress during punch stretching increases monotonically, 0.6 mm/min. The formability improved monotonically as the temperature increased, up to 1600ЊC. because of the increase of the average true strain rate. Thus, the To put the above-mentioned results into perspective, we also ϳ0.69 (100% engineering strain) by the time required to achieve this level of deformation. (We recall that the actual have plotted the r /* flow ratio as a function of the lithium content in Fig. 11(b) . Here, r is taken from Fig. 10(b) and * flow is strain rate in punch-stretching increases as the punch travel increases.) Similarly, in Fig. 12(b) , we plot the r /* flow ratio for the reference flow stress, taken from the compression experiment for the same material at a fixed strain rate of 1.15 ϫ the Y 1.0 Li 0 material as a function of temperature (for this plot, the value of r has been taken from Table III and the value of  10 Ϫ3 s Ϫ1 , which corresponds to the average strain rate during punch stretching at a forming speed of 0.8 mm/min. This aver-* flow has been taken from the compression experiments that were performed at a strain rate of 8.6 ϫ 10 Ϫ4 s Ϫ1 at the correage strain rate is computed by simply dividing the true strain of , multiple cracks formed at an earlier stage of high r /* flow ratio implies that the flow stress at a given average stretching, leading to premature fracture. Notably, cracks in strain rate is low compared to the rupture stress, it allows a both cases originated slightly away from the pole and propalonger punch travel to attain a higher final strain rate, at which gated circumferentially. point the flow stress exceeds the rupture stress and the material
The fracture location observed here may be explained by the fractures.
friction between the punch and the material at the pole. A The relevance of the rupture-to-flow-stress ratio as an indidetailed calculation of stress distributions for punch-stretching cator of the overall formability is further demonstrated in experiments, 17 based on a numerical formulation, 18 shows that, Fig. 13 . This plot includes data from Figs. 11 and 12, as well as for our geometries, the maximum tensile strain and stress (in the rupture data that was obtained from other punch-stretching the radial direction) are located at the pole at the early stages of experiments that, for lack of space, are not described here. For forming; as forming proceeds, they move progressively away each data point, the reference flow stress for a given material from the pole, because of the friction between the punch and has been taken from compression experiments that were perthe material at the pole. 17, 18 Assuming that fracture is caused by formed at the same temperature and the strain rate correspondthe maximum tensile stress, our observation of the fracture ing to the average strain rate of punch stretching. Overall initiation at a short distance from the pole can be understood. formability (presented in the normalized form) is observed Regarding the effect of composition, we believe that premato increase continuously as the rupture-to-flow-stress ratio ture fracture in the lithium-rich materials was due to the loss of increases.
lithium from the surface, which led to a higher flow stress (D) Fracture Appearance: Two modes of fracture were there. Stress concentration then caused the rupture stress to be commonly observed in this study (Fig. 14) . In materials that exceeded first on the surface, leading to multiple crack formawere rich in yttrium (Y 1.0 Li 0 to Y 0.5 Li 0.5 ), fracture usually occurred through the formation of a single crack running across tion over a large region. n of approximately unity. This observation is reasonable, considering the amount and the importance of the liquid phase in Newtonian regime with a stress exponent n of approximately unity, in contrast to crystalline ceramics (e.g., ZrO 2 and Al 2 O 3 ), which have n Ϸ 2. 4, 19, 20 This strongly suggests that the superplastic deformation in Si 3 N 4 ceramics is controlled by the liquid It is finally noted that shear thickening was probably not surrounding the grains. relevant in punch-stretching experiments. The highest stress at Raj and Chyung 21 suggested that liquid-enhanced deformathe end of punch stretching seemed to lie somewhat below the tion in fine-grained ceramics can be controlled by interface transition stress for shear thickening of the material, especially reaction or by diffusion in the liquid. For the present experiwhen the lithium content increased. Thus, superplastic punch ments, which have studied a relatively broad range of composistretching of these SiAlON materials can be described by the tion, temperature, and strain rate, it would seem that interface Newtonian flow mechanism that has a stress exponent n ϭ 1.
control cannot be dominant in all cases and that diffusion control is more likely. This conclusion also is consistent with the (4) Hardness and Bend Strength at Room Temperature decrease of flow stress with an increase in the lithium content, Hardness of the as-hot-pressed materials was higher than that because the viscosity of glassy liquid is probably lowered by of materials after annealing. The higher the amount of yttrium the addition of lithium, given the well-known effect of lithium in the composition, the greater the difference (Fig. 15(a) ). On as a glass modifier. On the other hand, diffusion-controlled, the other hand, bend strength, shown in Fig. 15(b) , was higher solution-reprecipitation creep is expected to have an inverse for annealed materials; the difference is compositionally cubic dependence of the flow stress on the grain size in the independent.
Newtonian regime. Although the dynamic grain size evolution in the material that has been studied here has not been quanti-IV. Discussion fied, the grain size seems to increase somewhat during deformation. Yet, very little strain hardening or flow stress increase (1) Microstructure and Flow Stress seems apparent in our experience. We suggest that the reason In this work, we have demonstrated that, through judicious for the apparent constant flow stress could be a small decrease processing, Si 3 N 4 ceramics with equiaxed grains of primarily of viscosity of the liquid, which, in turn, could reflect a decrease ␣-phase type can be prepared. During superplastic deformation, of the nitrogen:oxygen ratio in the glass. This may be rationalthese ceramics undergo only a small amount of ␣ → ␤Ј phase ized by the evolution of nitrogen supersaturation during phase transformation, and the resultant ␤Ј-SiAlON remains mostly transformation, in that an initially larger supersaturation exists equiaxed. The small amount of transformation also dictates that at the beginning of the ␣ → ␤Ј phase transformation, which is the crystallographic texture is weak in the present material.
gradually dissipated as the transformation proceeds. However, Overall, therefore, these ceramics satisfy the microstructural the verification of this speculation remains to be provided by future investigation. requirement for classical superplasticity and, indeed, large Table III , and (b) materials with different lithium contents, all at 1550ЊC and a punch speed of 0.8 mm/min).
(a) (b) traced to preexisting flaws, [26] [27] [28] but also to creep fracture under a low stress in which n is closer to unity (typically 2-3) and creep damage is diffuse, mostly unrelated to preexisting flaws. 28 For superplastic ceramics, the ductility is usually two orders of magnitude higher than that of typical creep fracture. Obviously, such strain cannot be associated with cavitation, although cavitation no doubt exists prior to final fracture. Preexisting defects also are obviously of no consequence. For example, we have not noted any dependence of the ductility on the surface finish of the specimens.
Clearly, fracture of superplastic ceramics is most likely due to cavitational damage that has nucleated and accumulated during deformation. Thus, the very distinct fracture stress is best interpreted as a threshold stress for cavitational damage. The origin of the stress threshold is not likely to be associated with the growth of cavities, which must occur for any that exceed a size of r ϭ 2␥ ϱ (2) Fig. 13 . Normalized displacement versus rupture-to-flow-stress ratio for a series of materials tested in punch stretching under various form-
In the above, r is the radius of curvature of the cavity (spherical ing conditions. cavity surfaces are assumed), ␥ the surface tension, and ϱ the applied tensile stress. For the typical values of ␥ ϭ 1 J/m 2 and ϱ ϭ 20 MPa, we arrive at r ϭ 0.1 m. For well-sintered (2) Fracture Stress superplastic ceramics, which have a grain size of ϳ0.3 m, Perhaps the most interesting aspect of the present study is the pores of this size are few and their sizes and numbers are confirmation of a critical stress beyond which fracture occurs, expected to vary considerably from material to material. Such even in superplastic ceramics. This critical stress is material variability is not consistent with the relatively constant fracture dependent but is otherwise independent of deformation condistress that is observed for superplastic ceramics. tions. It is generally on the order of ϳ25 MPa. This value is
To investigate whether the threshold stress results from cavsimilar to the fracture stress that we obtained previously in ity nucleation, we recall that nucleation theory dictates that a tensile tests using superplastic SiAlON 7 and is in the same nucleation barrier given by range of a variety of other superplastic ceramics, such as ZrO 2 22 and Al 2 O 3 . 23 Indeed, we have previously suggested that 20 MPa
should be generally regarded as an upper bound of operational stress for superplastic ceramics beyond which large strain where the value of f() is given by deformation cannot be sustained. 4, 24 Of course, superplastic fracture has a very different character f () ϭ (2 ϩ cos )(1 Ϫ cos ) 2 4 (4) from that of creep fracture of nonsuperplastic ceramics. Recent studies of tensile creep fracture of nonsuperplastic ceramics, must be surmounted to nucleate a lenticular cavity of dihedral especially those containing a substantial amount of liquid phase angle 2 and under a local tensile stress * on the grain boundor a soft deforming phase, have firmly established that tensile ary. For typical ceramics that have Ϸ 60Њ and a nucleation strain is almost entirely attributable to cavitation, 25, 26 and that barrier of ⌬G* Ϸ 60kT, the stress that is required is on the creep life is inversely dependent on creep rate. 27 The latter order of result is sometimes represented in the form of the so- the applied stress and can occur only as stress bursts because of (3) High deformation rates-10 Ϫ3 s Ϫ1 in compression and 1.2 ϫ 10 Ϫ3 s Ϫ1 in biaxial punch stretching-were achieved deformation transients. 29, 30 Stress bursts may occur at triple in these superplastic SiAlONs at intermediate lithium/yttrium points or other stress concentrators when the local deformation compositions in the temperature range of 1450Њ-1625ЊC. pattern is abruptly perturbed, causing grain-boundary sliding, (4) Addition of the lithium modifying cation decreased the grain rotation, or grain separation, and are most severe at their fracture stresses, whereas maximization of the r / flow ratio inception when grains are only constrained elastically. Given a led to the highest formability. The material with the Y 0.66 Li 0.33 far-field applied stress ϱ and a characteristic length d, which composition was the most formable. may be taken as the grain size in a material that is free of grain-(5) All materials exhibited higher room-temperature bend boundary precipitates, the burst in local stress is on the order of strength after postforming annealing. Thus, transient superplastic deformation did not impair the ultimate mechanical 
